To characterize the magnitude of clearance changes during pregnancy for multiple antiepileptic drugs (AEDs) and to assess seizure frequency and factors increasing seizure risk in pregnant women with epilepsy. A retrospective analysis was performed for 115 pregnancies in 95 women with epilepsy followed at the Emory Epilepsy Center between 1999 and 2012. AED blood levels (ABLs) obtained during routine clinical practice were used to calculate AED clearance at multiple points during pregnancy. AED doses and seizure activity were also recorded. The data were analyzed for changes in clearance and dose across pregnancy and for an association between ABL and changes in seizure frequency. Significant changes in clearance during pregnancy were observed for lamotrigine (p < 0.001) and levetiracetam (p<0.006). Average peak clearance increased 191% for lamotrigine and 207% for levetiracetam from non-pregnant baseline. Marked variance was present across individual women and also across repeat pregnancies in individual women. Despite increased AED dose across most AEDs, seizures increased in 38.4% of patients during pregnancy. Seizure deterioration was significantly more likely in patients with seizures in the 12 months prior to conception (p < 0.001) and those with localization related epilepsy (p = 0.005). When ABL fell >35% from preconception baseline, seizures worsened significantly during the second trimester when controlling for seizure occurrence in the year prior to conception. Substantial pharmacokinetic changes during pregnancy occur with multiple AEDs and may increase seizure risk. Monitoring of AED serum concentrations with dose adjustment is recommended in pregnant women with epilepsy. Further studies are needed for many AEDs.
Introduction
The management of epilepsy during pregnancy presents substantial challenges. Fetal antiepileptic drug (AED) exposure is associated with a dose-dependent increase in the risk of congenital malformations [1] and neurocognitive deficits [2, 3] . These risks must be balanced against the adverse health effects of seizures for both mother and fetus [4, 5] .
Maintaining seizure control is complicated by pharmacokinetic alterations during pregnancy, including increased volume of distribution, elevated renal clearance, and induction of hepatic metabolism [4, 6] . These changes may result in decreased serum AED concentrations, although the degree of decline differs across medications and individuals [4, 6, 7] .
Reductions in AED concentrations are associated with increased seizure frequency during pregnancy. This relationship has been shown most clearly for lamotrigine [8] , with a similar trend observed for oxcarbazepine [9] . Accordingly, the American Academy of Neurology has recommended therapeutic drug monitoring for several AEDs, with the goal of maintaining serum levels near pre-conception baseline [10] . However, insufficient data are available to justify a recommendation for many AEDs currently in use [10, 11] .
In this study, we aim to further characterize clearance changes across pregnancy for multiple AEDs by presenting a large series of pregnancies managed with periodic measurements of AED serum concentrations. Additionally, we present information on seizure control in women whose AED levels were used as a guide for dose adjustment.
Methods

Study population and design
This is a retrospective study of 135 women with epilepsy on AED therapy during pregnancy seen at the Emory Epilepsy Center (February 1999-February 2012). The Institutional Review Board of Emory University School of Medicine approved the study. Charts were reviewed for AED blood levels (ABLs) obtained through routine clinical practice, and patients were selected if they had at least one ABL for each trimester of pregnancy. Patients were excluded if any AEDs were added or removed during the pregnancy. Based on these criteria, 115 pregnancies in 95 women were selected for analysis.
During pregnancy, patients typically underwent monthly ABL measurements, with ABLs obtained more frequently if seizures occurred. Blood draws were performed at the Emory Clinic or by the patient's obstetrician. Plasma AED concentrations were measured via routine methods in clinical laboratories, and total concentrations were used as free concentrations were not consistently available. For oxcarbazepine, the active metabolite 10monohydroxy derivate (MHD) was measured. The timing of the blood draws relative to last dose was not standardized. Dose adjustments were made by the clinician with the goal of maintaining ABL within the individualized therapeutic range based on the patient's history and previous ABLs. Dose may have also been adjusted if seizure frequency increased, regardless of ABL. In cases of polytherapy, all medications were adjusted based on the above criteria.
During data collection, gestational age (GA) for the date of each ABL was determined based on last menstrual period (LMP) or as determined by ultrasound. The ABL was then classified as preconception, first trimester (<14 weeks GA), second trimester (14-28 weeks GA), third trimester (>28 weeks GA-delivery), or postpartum. Baseline ABL was defined as an ABL obtained during the preconception period or, if unavailable, as a postpartum value from >6 weeks following delivery.
Data Analysis
Statistical analyses were performed using SPSS (Version 20).
AED Clearance-
For comparison despite changes in dose and patient weight, apparent oral clearance (Cl) was calculated for each ABL, where AED Cl = daily dose (mg/ kg)/serum AED concentration ( g/mL). Patient weight for each calculation was obtained from the most recent clinic visit prior to the date the ABL was drawn.
To investigate the magnitude of Cl change during pregnancy, we compared baseline Cl to maximum Cl obtained during pregnancy. These differences were tested using a general linear model. Fifteen patients did not have a baseline Cl available and were not included in the analysis. Analyses were done for all AEDs combined and for lamotrigine (LTG) and levetiracetam (LEV) monotherapy alone, as these groups had the largest sample sizes. Data for AEDs with smaller sample sizes were pooled for analysis, and analyses were also performed for polytherapy with and without LTG.
To test for differences between monotherapy and polytherapy groups, a two-way analysis of variance (ANOVA) was used to compare maximum LTG Cl in patients on LTG monotherapy and patients on combination therapy that included LTG. We also assessed racial differences in maximum clearance change during pregnancy using a two-way ANOVA.
AED dose-
For each ABL, the dose of the associated AED was recorded. Baseline non-pregnant dose for each AED was compared to maximum pregnancy dose using a general linear model. AED groupings in the analyses were the same as for clearance, described above. Patients without a known baseline dose were not included in the analysis.
2.2.3.
Seizure Frequency-Seizure frequency during each stage of pregnancy was abstracted from patient charts. Average seizure frequency over the twelve months prior to conception was also recorded, both for all seizure types and for convulsive seizures alone. For each trimester, the relative frequencies of all seizure types and of generalized tonic clonic seizures (GTCS) were coded as 1 if the frequency was greater than the preconception frequency and 0 if it was decreased or unchanged. The ratio of mean ABL to non-pregnant ABL was calculated for each trimester. T-test was used to compare this value for each trimester across all seizure types in patients who had an increase in seizure frequency versus patients who did not. The same analysis was performed for the ratio of minimum trimester ABL to non-pregnant ABL, as the minimum ABL would correspond to the highest risk for seizure breakthrough. Fifteen patients without baseline ABL were not included. This analysis was performed for all drugs combined and for LTG and LEV monotherapies alone.
Since a fall in ABL >35% has previously been associated with increased seizures in patients taking LTG [8] , t-tests were also used to compare the rate of seizure worsening between patients whose minimum trimester ABL fell >35% from preconception baseline with those who did not. The analysis was performed for each trimester while controlling for occurrence of seizures in the 12 months prior to conception.
We compared (via t-tests) increased frequency of all seizure types at any point during pregnancy between patients diagnosed with primary generalized epilepsy and those with localization related epilepsy. Increased seizure frequency was also compared via t-test between patients who were seizure free in the year prior to conception and patients who were not.
Results
One hundred fifteen pregnancies (113 singleton and two sets of twins) in 95 women were included in the study. In women with multiple pregnancies, each pregnancy was analyzed separately. AED monotherapy was employed in 100 pregnancies, while 15 required two AEDs and one required three ( Table 1 ). Nine different AEDs were represented, with LTG used most frequently. Data from 22 pregnancies on LTG monotherapy have previously been included in a report of a prospective study analyzing LTG concentrations from batched assays in a research laboratory [8] .
AED clearance in pregnancy
Apparent oral clearance was calculated from each available ABL. Seventy-six of the 115 pregnancies had a preconception baseline Cl, and postpartum samples (>6 weeks following delivery) were used as baseline for an additional 24 women. Application of the general linear model to patients with an available non-pregnant Cl showed that maximum Cl during pregnancy was significantly different from non-pregnant baseline for LTG monotherapy (increased 191%, p < 0.001), and LEV monotherapy (increased 207%, p = 0.006). Although the mean maximum Cl change for all other monotherapies was much smaller than for LTG or LEV monotherapy, the change was significant (p = 0.048). However, Cl changes are variable across the other monotherapies, and the sample sizes for these individual AEDs are small (see Table 2 ). Of note, the AED with the largest sample in other monotherapies was carbamazepine (CBZ, n=6), which exhibited virtually no change in Cl during pregnancy. There was no difference between Caucasian, African American, and Asian patients in Cl change for all drugs combined (p = 0.872) or for LTG monotherapy (p = 0.404). The sample size of LEV (n=15) and other AEDs in monotherapy were inadequate to assess racial differences.
Maximum Cl change was also significant for all polytherapies combined (p < 0.001), polytherapies with LTG or LEV (p = 0.005), and polytherapy without LTG or LEV (p = 0.007). Because of common interactions of LTG with other AEDs, differences between monotherapy and polytherapy were examined for LTG. While no AEDs were added or removed during pregnancy, the dose of the concomitant AED was not kept constant. However, no difference in Cl change for LTG was seen between monotherapy and polytherapy across baseline and three trimesters (p = 0.154). AEDs combined with LTG in these patients were levetiracetam (n=7), topiramate (n=3), zonisamide (n=1), and oxcarbazepine (n=1).
Our sample included two sets of twins and 19 women who had a second pregnancy (one with a 3 rd and 4 th pregnancy). Due to concerns that twin gestations may impact pharmacokinetics differentially than singleton pregnancies and that the inclusion of multiple pregnancies in some women might unduly affect the results, we repeated the primary analyses with these pregnancies deleted. Maximum Cl during pregnancy remained significantly different from non-pregnant baseline for LTG monotherapy (increased 185%, p < 0.001) and LEV monotherapy (increased 224%, p = 0.014). Both twin pregnancies were treated with lamotrigine monotherapy, and their peak CL increased 360% above the nonpregnant baseline compared to an average increase of 191% for other patients on LTG monotherapy (range −9% to 652%). With the twin pregnancies excluded, the mean peak Cl for LTG was 2.89 (SD 1.47), an increase of 189% above baseline. Maxium CL levels are listed in Table 3 for the 15 women who had a second pregnancy on monotherapy LTG (one woman with 4 pregnancies). Maximum CL changes from the 1 st to the 2 nd pregnancy varied widely on an individual basis ranging from a 69% reduction to a 76% increase across the two pregnancies.
AED dose and ABL changes during pregnancy
Dose was adjusted on an individual basis throughout pregnancy to maintain the patient's individualized target concentration. Dose tended to increase for all AEDs as pregnancy progressed, although some AEDs were decreased in the first trimester from baseline before trending upward during the remainder of pregnancy ( Figure 1 , Table e-1). Only four patients had no dose adjustment during gestation (one on LTG, two on LEV, and one on carbamazepine therapy).
Application of the general linear model to patients with an available preconception baseline revealed a significant difference between baseline dose and maximum pregnant dose LTG monotherapy (p < 0.001), LEV monotherapy (p < 0.001), all other monotherapies (p < 0.001), and for all polytherapies (p = 0.004), polytherapies with LTG or LEV (p = 0.005), and polytherapies without LTG or LEV (p = 0.007). Note that the mean dose for CBZ was virtually unchanged, as were several other monotherapies with very small sample sizes (see Table e -1) Despite significant changes in dose for most AEDs, mean ABL decreased to some degree during pregnancy for all AEDs (Table e-2) , reaching a nadir during the second trimester for most AEDs. The smallest declines in ABL were seen for carbamazepine, ethosuximide, and valproate monotherapies.
Analysis of seizure frequency
Overall, 49% of patients were seizure-free in the 12 months prior to conception. Fifty-two (78.8%) of these patients remained seizure free during pregnancy. In contrast, only 20% of women with seizures in the year preceding conception had no seizures during pregnancy. Of the total 115 pregnancies, 44 (38.3%) had an increase in any seizure type during any trimester of pregnancy, while 51 (44.3%) had no change and 20 (17.4%) experienced a decrease in all trimesters compared to preconception baseline. Figure 2 shows seizure deterioration for different AED categories, with the highest rate of increased seizure frequency in polytherapy patients. Change in seizure frequency for each AED is presented in Table e-3. Of note, none of the 6 patients on CBZ had an increase in seizures. Seizure deterioration was significantly more common in patients with any type of seizure in the 12 months prior to conception (p < 0.001) and in patients with localization related epilepsy (p = 0.005). Fifteen (13%) patients had at least one GTCS during pregnancy, of which only one had no GTCS in the year prior to conception, and none of these women were completely seizure free in the prior year.
To examine the relation of seizure frequency to ABL changes, the ratio of each trimester ABL to baseline ABL were compared (t-tests) for patients with an increase in any type of seizure versus those without seizure increase. No significant effects were found between ABL ratio and increased seizures in any trimester for either mean or minimum ABL.
The occurrence of seizure worsening was compared between patients with >35% decrease in ABL below preconception versus patients with less ABL change during each trimester separately for patients who were seizure-free and those who were not in the 12-months preconception. A reduction of ABL >35% below preconception baseline was associated with significantly higher rates of increased seizures during the second trimester, both for patients with seizures in the 12 months prior to conception (p<0.001) and for patients who were seizure free during the preconception year (p=0.030). The results were not significant for the first or third trimesters.
Discussion
This study demonstrates that changes in AED pharmacokinetics are common during pregnancy. We used apparent oral clearance as a dose-and weight-corrected measure of plasma AED concentrations and found significant increases in Cl that would produce large drops in AED serum concentration if not counteracted by dose adjustments, particularly for LTG and LEV monotherapy. We also observed significant variability across AEDs and individuals.
The most common AED examined in this study was LTG, which has emerged as a major treatment for reproductive-aged women with epilepsy, given its low teratogenic risk relative to other AEDs [1, [12] [13] [14] . The observed increase in Cl for LTG monotherapy in this study is in the range of previous work. One prospective study of 53 pregnancies reported an increase of 94% above baseline [8] , while Cl increases in smaller studies have ranged from 65-230%, peaking in the second or third trimesters [15] [16] [17] . Larger dose adjustments were also used in patients on LTG monotherapy than for any other AED in our study. This finding is consistent with a large prospective study in pregnant women with epilepsy that found LTG treatment was associated with higher dosage or number of AEDs needed [18] . In addition to marked individual variability in LTG CL, women with repeat singleton pregnancies on monotherapy LTG exhibited exhibited substantial variance in maximum CL from the 1 st to 2 nd pregnancy. This suggests that at least for LTG, CL in the 1 st pregnancy is not predictative of CL in subsequent pregnancies.
Our analysis of LTG monotherapy and polytherapy demonstrated similar increases in LTG
Cl for both groups. LTG metabolism is known to be influenced by co-administration with other AEDs with enzyme inducing or inhibiting properties [19, 20] ; however, medications used in combination with LTG in our sample would not be expected to affect its levels, with the exception of oxcarbazepine and topiramate at high doses. The most common AED used with LTG was LEV, which does not alter LTG metabolism [21] and would not be expected to affect Cl changes.
Previous data on LEV Cl during pregnancy are more limited, though suggestive of substantial pharmacokinetic change. One study of 21 pregnancies on LEV therapy (five on monotherapy) showed a 54% increase over baseline Cl [22] , while a separate analysis of 15 pregnancies (six on monotherapy) demonstrated a 243% increase [23] . Our study included a larger group of monotherapy patients than previously reported, with a peak increase closer to the upper range of prior reports.
Other AEDs investigated tended to show substantially more modest increases in Cl, though the analysis was limited by small sample sizes. Although we were unable to assess free levels, minor changes in carbamazepine Cl are consistent with previous work reporting carbamazepine Cl remains relatively constant during pregnancy [4, 24] . Few reports exist on several AEDs we examined, including ethosuximide, which has shown inconsistent pharmacokinetic changes during pregnancy [25] ; and zonisamide, which has only been presented in a case report [11, 26] . Our results in one subject for each of these AEDs showed increases in Cl, but further research is needed to better characterize changes that should be anticipated during pregnancy.
We found no difference in LTG Cl change across racial groups. A larger Cl increase has previously been shown for white patients on LTG, although the difference was only significant for free LTG [8] , which is not readily available clinically and was not used in our study. The relatively small number of African American and Asian patients in the study also limited our ability to assess racial differences.
Increased seizures during pregnancy compared to the prior year occurred in over a third of our entire cohort. LTG is the most common AED in our population, and 38% of LTG monotherapy pregnancies exhibited increased seizures during any trimester, which is similar to previous reports for patients on LTG [8] , the. Rates of increased seizures were also high for LEV (47%) and for AED polytherapy (50%), but low for the small number of women on CBZ (0%). Of particular interest, however, are convulsive seizures, which pose significant risk to maternal and fetal health [4, 5] . These seizures were less common in our population, with only eight patients (6.9%) experiencing an increase in GTC frequency during gestation.
Several factors were associated with increased seizure frequency. The highest rate of seizure deterioration occurred in polytherapy patients, which is not surprising since these individuals are likely to have more severe cases of epilepsy. Increased seizure frequency was also more common in patients with localization related epilepsy, which has been observed in previous work [18] . Current AAN guidelines note that seizure control in the preconception period is a significant predictor of seizure activity during pregnancy [27] . In patients with no seizures in the preconception year, 79% remained seizure free during pregnancy, which is a significant predictor but lower than previously reported [27] . Patients with poorer preconception control had significantly higher seizure rates while pregnant. These findings emphasize the importance of counseling and therapy optimization in the preconception period.
Previous work has noted increased seizure risk for patients on LTG when ABL fell below 65% of preconception ABL, especially in the second trimester [8] . When analyzing the ratio of trimester ABL to baseline ABL in each trimester, we did not observe an association with seizure worsening. However, women who had >35% decrease in ABL in the second trimester experienced increased seizures irrespective of whether they had seizures in the 12months preconception, indicating the clinical significance of large reductions in AED concentration. The lack of a linear relationship between ABL decline and seizure risk may indicate the importance of other pregnancy-related factors contributing to seizure breakthrough, including hormone fluctuations, sleep cycle disturbance, and heightened stress [4] . Additionally, the picture may be complicated by differential susceptibility to ABL changes, such that patients with fragile epilepsy are more likely to seize with small changes in serum levels, while other patients may tolerate larger drops in ABL.
Limitations of this retrospective study include several methodological restrictions, such as the inability to standardize the timing of blood draws relative to last dose and the lack of free drug level assessments (pertinent for some AEDs like CBZ, phenytoin and valproate). Additionally, while patients were repeatedly counseled on the importance of compliance for a healthy pregnancy, pill-counting or other methods of compliance monitoring were not performed. These factors may have influenced the blood levels we obtained. The study is also limited by sample size, with a total of 115 pregnancies and very small patient numbers for several of the examined AEDs. However, even these small numbers represent a substantial addition to the current body of literature. A recent review reported a total of only 80 reported pregnancies on LTG monotherapy and 45 pregnancies on LEV therapy currently published, with many AEDs having very limited available data [11] .
Our study thus expands available data on AED pharmacokinetic changes in pregnancy. The 58 new LTG pregnancies increase the number of cases in the literature by 72%, and the 29 LEV pregnancies increase it by 60%. Our findings show that significant alterations in AED levels, which may increase seizure risk, should be anticipated by clinicians. We also demonstrate substantial heterogeneity between medications and individuals, making Cl changes difficult to predict in a particular patient. AEDs are also used extensively in nonepileptic women for psychiatric and pain indications, and the pregnancy-related changes we observed are likely to apply to this group as well.
Current AAN practice parameters state that monitoring should be considered for lamotrigine, carbamazepine, and phenytoin, while monitoring of levetiracetam and oxcarbazepine may be considered [10] . The importance of therapeutic drug monitoring does vary between AEDs, and is most important in medications undergoing dramatic pharmacokinetic alterations during pregnancy. In particular, the substantial Cl changes we demonstrate for relatively large groups of patients on LTG and LEV therapy emphasize the importance of regular monitoring for these medications during gestation, with dose adjustments to maintain levels near the patient's non-pregnant baseline. Future work should include larger studies on newer AEDs to better inform the need for monitoring and dose adjustment in patients treated with these medications.
Conclusions
Significant changes in AED clearance during pregnancy in women with epilepsy were observed in this retrospective study. Considerable variability was seen across AEDs and across individual women. Seizures worsened when AED levels fell >35% from preconception levels. We recommend monitoring of AED levels during pregnancy with dose adjustment if indicated to maintain AED levels near preconception levels.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Acknowledgments
This work was supported by the National Institutes of Health (NS038455-11 to KJM and PBP). 
Abbreviations
AED
Highlights
• We studied antiepileptic drug (AED) clearance in pregnancy in women with epilepsy.
• Significant changes in AED clearance during pregnancy were observed.
• When AED levels fell >35% from preconception, seizures worsened significantly.
• Monitoring of AED levels with dose adjustment is recommended during pregnancy. Percent patients with increased seizure frequency during pregnancy compared to the twelve months prior to conception. a Other monotherapy includes topiramate (n=3), oxcarbazepine (n=2), phenytoin (n=1), valproate (n=1), zonisamide (n=1), and ethosuximide (n=1). LTG = lamotrigine; LEV = levetiracetam; CBZ = carbamazepine. 
